This study aimed to characterize physiological differences between persistent and presumed nonpersistent Listeria monocytogenes strains isolated at processing facilities and to investigate the molecular basis for this by transcriptomic sequencing. Full metabolic profiles of two strains, one persistent and one nonpersistent, were initially screened using Biolog's Phenotype MicroArray (PM) technology. Based on these results, in which major differences from selected antimicrobial agents were detected, another persistent strain and two nonpersistent strains were characterized using two antimicrobial PMs. Resistance to quaternary ammonium compounds (QACs) was shown to be higher among persistent strains. Growth of persistent and nonpersistent strains in various concentrations of the QACs benzethonium chloride (BZT) and cetylpyridinium chloride (CPC) was determined. Transcriptomic sequencing of a persistent and a presumed nonpersistent strain was performed to compare gene expression among these strains in the presence and absence of BZT. Two strains, designated "frequent persisters" because they were the most frequently isolated at the processing facility, showed overall higher resistance to QACs. Transcriptome analysis showed that BZT induced a complex peptidoglycan (PG) biosynthesis response, which may play a key role in BZT resistance. Comparison of persistent and nonpersistent strains indicated that transcription of many genes was upregulated among persistent strains. This included three gene operons: pdu, cob-cbi, and eut. These genes may play a role in the persistence of L. monocytogenes outside the human host.
quaternary ammonium compounds (QACs), i.e., either benzethonium chloride (BZT) or cetylpyridinium chloride (CPC). Briefly, approximately 10 2 CFU from an overnight culture was inoculated into TSB or OmniLog broth medium containing different disinfectant concentrations. Growth was measured at 37°C for 72 h, using the BioTek Synergy HT multimode microplate reader.
Transcriptome sequencing. Transcriptome sequencing was performed on a persistent strain (6179) and a nonpersistent strain (272), grown in either the presence (4.0 ppm or 0.5 ppm, respectively) or absence of BZT. All strains were grown to early stationary phase at 14°C (the temperature of the ripening rooms at the processing facilities where strains in this study were isolated). RNA from the cells was then isolated using the Qiagen RNeasy Midi Kit, with the following modifications: a 50-ml culture was pelleted by centrifugation at 4,500 rpm for 20 min, and the supernatant was removed. The cells were then resuspended in 0.5 ml TE buffer containing 5 mg ml Ϫ1 lysozyme. After the sample was initially loaded onto the column, the flowthrough was applied to the column a second time and spun through at 4,500 rpm for 5 min. Nuclease-free water (150 l) was used for the first elution step and was allowed to stand at room temperature for 5 min on the column prior to centrifugation at 4,500 rpm for 5 min. This was then reapplied to the column, left for 5 min at room temperature, and centrifuged through a second time at 4,500 rpm for 5 min. The RNA quality was tested using RNA gels to check RNA integrity and the Thermo Scientific NanoDrop to assess the purity of the RNA. Total RNA samples were stored at Ϫ20°C until mRNA enrichment was performed. mRNA enrichment was performed using the Ambion MicrobExpress Kit according to the manufacturer's instructions with the following modifications. For RNA precipitations, 0.1 volume of 3 M sodium acetate and 3 volumes of 100% ethanol were used. The precipitation was then carried out at Ϫ70°C for 30 min. Recovery of RNA was achieved by centrifugation at 14,000 rpm for 45 min at 4°C. The final resuspension of RNA after the precipitation was in 15 l TE buffer. For the RNA-annealing step, 10 g RNA was used, and oligonucleotide capture was performed at 37°C for 30 min. The enriched mRNA was resuspended in 25 l nuclease-free water. These samples were then commercially sequenced on an Illumina sequencing platform. Sequence data generated on the Illumina sequencing platform were purity filtered using Illumina's proprietary chastity filters. These data were stored in the industry standard FASTQ format to be used as input for RNA-Seq analysis. This analysis was carried out using a suite of integrated software tools, namely, Bowtie, Tophat, and Cufflinks.
RESULTS
OmniLog phenotype microarray analysis. In order to screen for potential phenotypic differences, a full 20-plate OmniLog screen was performed on strains 6179 (persistent) and 237 (nonpersistent). The results of these selected experimental conditions with a large phenotypic difference (i.e., those with Ն175 OL units in at least one of the concentrations tested), as measured by the OmniLog instrument, are detailed in Table 2 . Three of the antimicrobials tested to which the persistent strain showed the greatest resistance were QACs. Figure 1 shows the results of the growth of various isolates in the presence of four QACs. Large phenotypic differences between strains were detected in the presence of BZT, dodecyltrimethyl ammonium bromide, domiphen bromide, and CPC ( Fig. 1A to D). In all cases, the persistent strain, 6179, showed higher tolerance for the QACs tested. The antimicrobial PM plates (i.e., PM11C-20B) included four concentrations of each antimicrobial. As the exact concentrations were not known, for the purpose of this study, concentration 1 refers to the lowest concentration, increasing up to concentration 4, which represents the highest concentration tested.
Growth curves in the presence or absence of disinfectants. Based on comparison of results obtained using the PM screen of a persistent and a nonpersistent isolate, growth curves of 11 persistent and nonpersistent strains were investigated in the presence of two quaternary ammonium compounds, BZT and CPC. The results are shown in Fig. 2 . The two frequent persistent strains showed the highest tolerance of BZT (4 ppm and 1.5 ppm for strains 6179 and 14, respectively). The sporadic persistent and nonpersistent strains tested showed lower tolerance (0.5 ppm). The two frequent persistent strains (6179 and 14) and one of the sporadic persistent strains (427) showed the highest tolerance of CPC, with all three strains growing at 1 ppm. Of the other strains, the three most sensitive to CPC were 19, 140, and 152, the three serotype 4b nonpersistent strains tested. a Compounds that induced large phenotypic differences (i.e., Ն175 OmniLog units) between a persistent strain (6179) of L. monocytogenes and a nonpersistent strain (237) grown in their presence. Differences were detected using the Phenotype MicroArray.
b The strain that showed active respiration at a higher concentration of the compound (i.e., the strain with the greatest resistance to that compound). Strain 6179 is a frequent persistent strain, and strain 237 is a nonpersistent strain. Both were isolated at the same processing facility.
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Comparison of transcriptomic sequences in the presence or absence of BZT. Transcriptomic sequencing of the two strains 6179 (persistent) and 272 (nonpersistent) identified 92 genes with a differential expression level of at least 7.5-fold when the control (i.e., grown without BZT) was compared with growth in TSB-plus-BZT experiments ( Table 3 ). There were many other genes differentially expressed at levels lower than this (data not shown). It should be noted that the genomes of both strains are currently unavailable, so mapping of transcripts to their own reference genome was not possible. For the purpose of this analysis, as both strains were serotype 1/2a, the sequenced genome of strain F6854 was chosen for reference. This serotype 1/2a strain was implicated in at least two outbreaks in the United States and has been proposed to be a persistent strain, as in both outbreaks, the same facility was identified as the source of the contaminated products (5, 6) . The limitations this placed on complete mining of the data include the potential failure to detect transcriptional events unique to the strains sequenced. Variations in transcript sequence may also hinder the detection of expression of those genes.
The transcription of many genes involved in the biosynthesis of peptidoglycan (PG) was upregulated in both strains tested. Table 4 lists genes related to PG biosynthesis that are differentially expressed in at least one of the test strains. Figure 3 illustrates the biosynthesis of PG in L. monocytogenes, with various involved genes that were upregulated indicated. A number of prophage and monocin genes were downregulated in strain 6179 (data not shown). The significance of this is under investigation.
Comparison of transcriptomic sequences of persistent and nonpersistent strains. A list of genes that were differentially expressed when growth of a persistent strain was compared with that of a nonpersistent strain in the presence of BZT is given in Table 5 . With the exception of pocR, pduS, and pduX, all of the genes listed showed greater than 20-fold differential expression. Many other genes were differentially expressed at levels lower than this (data not shown).
DISCUSSION
Although there have been many documented cases of strains persisting at processing facilities in the past, the mechanisms responsible for persistence remain unclear. This study presents a global transcriptomic characterization of a phenotype shown to differentiate L. monocytogenes strains into those that are found to frequently persist at processing facilities and those that were not found to persist. QACs are used extensively in the food-processing industry as disinfectants, because of their noncorrosive nature in particular (15) . As with other antimicrobial agents in widespread use, misuse of QACs, and the consequent potential to lead to increased incidence of resistant strains, is important for the food-processing industry. Disinfectant resistance has previously been studied among groups of persistent and nonpersistent strains; however, no clear link between persistence and increased disinfectant resistance was seen (15, 16) . The results obtained from the initial complete OmniLog PM screen in this study showed that the persistent strain tested (6179) had significantly greater resistance than the nonpersistent strain (237) for three QACs tested. When growth curves were carried out in the presence of either BZT or CPC, strains 14 and 6179 showed the highest tolerance ( Fig. 2 ). Both of these strains were frequent persister strains. Strain 427, a sporadic persister, also showed high tolerance for CPC. These results suggest that increased disinfectant resistance may have a role in the persistence of these strains in the processing environments from which they were isolated. To investigate this, transcriptomic analysis of persistent and nonpersistent isolates in the presence and absence of BZT was carried out to elucidate the possible genetic mechanisms responsible for this phenotypic difference. Transcriptomic analysis was used to investigate the L. monocytogenes response to the presence of the QAC BZT. A per-sistent (6179) and a nonpersistent (272) strain were grown in the presence of a sublethal concentration of BZT, and the transcriptome was sequenced to examine gene expression and possible resistance mechanisms employed by the bacterium in response to QAC exposure. Significant upregulation of many genes involved in PG biosynthesis or that of its precursors, from initial sequestering of carbohydrates through assembly of PG in the cell wall, was seen in the case of both isolates (Table  4 and Fig. 3 ). QACs act by disrupting the bacterial cell wall, leading to cytosolic leakage and degradation of proteins and nucleic acids (23) . The results of this study indicate that an important mechanism of L. monocytogenes resistance to the bactericidal effects of QACs may involve regeneration or reorganization of the PG layer. This response involves modulation of many different cellular processes. The phosphotrans- ferase system (PTS), which is involved in sequestering carbohydrates from the environment in the bacterial cell, comprises different families of proteins dedicated to transmembrane transport of a specific set of carbohydrates. Fructose-6phosphate (Fru-6P) is a key precursor involved in the biosynthesis of PG. Fructose and glucose are important substrates for production of Fru-6P, and the results of this study indicate that exposure to QACs led to upregulation of Man family PTS expression, along with fructose-and glucose-specific PTS components. Downregulation of Man family components was seen in strain 272 at one locus; however, the results indicate there were at least three different loci coding for components of the Man family PTS, and expression of components from a second Man PTS locus was upregulated. Upregulation of fruB and a fructose-specific component (LMOf6854_2394) in this strain may indicate a preference for this alternative fructose uptake system over the Man family fructose uptake mechanism. ptsI and ptsH also showed Ͼ2-fold upregulation when strains were exposed to BZT. Both these genes are involved in phosphorylation of carbohydrates through the PTS phosphorylation cascade (11) . Transcription of the pgi gene, which codes for glucose-6-phosphate (Glu-6P) isomerase, was upregulated in both strains. This isomerase is responsible for conversion of Glu-6P to Fru-6P. Fru-6P is then metabolized to UDP-N-acetylglucosamine (UDP-GlcNAc), which is the primary initial substrate of the PG biosynthesis pathway. The three main enzymes involved in this process, encoded by glmS, glmM, and glmU, were upregulated in both strains in the presence of BZT. The biosynthesis of PG itself involves a complex set of reactions, which can be divided into three main phases: production of UDP-N-acetylmuramic acid (UDP-MurNAc), incorporation of a short polypeptide chain in the UDP-MurNAc, and, finally, transport through the cytoplasmic membrane and assembly into the polypeptide layer (32) . UDP-GlcNAc is converted into different intermediates before the final production of PG through a process involving various enzymes and substrates, as shown in Fig. 3 . Upregulated components of this PG VOL. 77, 2011 PERSISTENT L. MONOCYTOGENES PHYSIOLOGY AND TRANSCRIPTOMICS 6565 biosynthesis pathway found in the two strains in the presence of BZT are listed in Table 3 . Members of the mur family of bacterial cell wall ligase genes are key components of the PG biosynthesis pathway, many of which were upregulated in response to BZT, along with the phospho-N-acetylmuramoylpentapeptide transferase gene, mraY. These enzymes are primarily involved in the first two phases of PG biosynthesis described above. The mreBCD operon codes for three key proteins involved in cell wall synthesis and maintenance (mreB, mreC, and mreD) (21, 31) . All three of these proteins in strain 6179, and mreC and mreD in strain 272, were at least 2-fold upregulated in the presence of BZT. Another upregulated protein (LMOf6854_2490), which is a member of the FtsW/ RodA/SpoVE family, was upregulated. Proteins in this family are thought to be involved in the transport of PG precursors and maintaining cell shape (24, 26) . Disruption of the cell as a result of exposure to BZT would in turn promote greater uptake and eventual lysis of the bacterial cell. Regeneration of the bacterial PG layer of the cell wall may have a function in preventing accumulation of a bactericidal QAC. The thickness and degree of cross-linking of PG may also play a role in sensitivity to disinfectants (23) . A thickened cell wall is thought to be responsible for increased resistance to vancomycin in S. aureus strain Mu50, due to trapping and clogging of the outer PG layer (9) . A previous study reported morphological changes in the cell suface of L. monocytogenes when exposed to sublethal levels of benzalkonium chloride (29) . It also noted a change in the fatty acid profile of a resistant strain. The resistant strain in this study, 6179, also showed upregulation of acpP, a protein involved in fatty acid metabolism. Further analysis of the fatty acid profile of the strains in this study will clarify its role in QAC resistance. Another interesting reorganization of PG by Staphylococcus aureus, which led to increased resistance to methicillin, involved PG partitioning inside the cell (34) . The atypical organization of PG among the L. monocytogenes strains in this study requires further investigation. The persistent and nonpersistent strains share many traits in the response to QACs, yet levels of tolerance for the QAC itself differ, suggesting alternative mechanisms underlying the increased QAC tolerance in the persistent strain. Table 4 lists genes from many different functional categories that were at least 7.5-fold differentially expressed when transcription in the presence of BZT was compared with transcription in the absence of BZT, indicating complex cellular mechanisms of response to the presence of BZT. Among the proteins involved in protein synthesis, elongation factor Ts (EF-Ts) was 9.21-fold upregulated by strain 272 in the presence of BZT. Elongation factors are primarily associated with translational elongation during protein synthesis. EF-Ts and EF-Tu directly interact in prokaryotic translation. It has recently been reported, however, that EF-Tu also affects cell morphology in B. subtilis through an effect on the cytoskeletal element MreB (10) . EF-Ts may also play a similar role in L. monocytogenes, either directly or by interaction with EF-Tu. Strain 272 also showed 4.44-fold upregulation of EF-Tu.
Expression of ferredoxin was detected when strain 6179 was grown in the presence of BZT. Ferredoxin acts as an electron donor or acceptor in a variety of metabolic processes and can have an important role in resistance to reactive oxygen species generated during cellular metabolism (2, 33). Internalins are virulence proteins expressed by pathogenic Listeria spp. and are responsible for internalization of the bacterium in host cells. Sublethal levels of a QAC were shown to upregulate the expression of inlA and prfA in the L. monocytogenes strain EGD-e (17) . Neither of the two strains in this study showed upregulation of members of the internalin family or prfA. Expression of intA, intC2, and intD was decreased in both strains tested, and in the case of strain 272, there was significantly greater decrease in the transcription of some internalin genes, as detailed in Table 3 . All three of these internalins, in contrast to internalin B, contain the LPXTG motif. This motif allows covalent linkage of surface proteins to the cell wall of L. monocytogenes (3) . Another LPXTG domain protein-coding gene (LMOf6854_0650, encoding a cell envelope-related protein) was also greatly downregulated in the presence of BZT in strain 272. These results indicate that the expression of membrane-bound proteins is highly regulated, along with cell wall synthesis itself.
Differential expression levels in persistent and nonpersistent strains were compared, and the results are listed in Table 5 . Three gene clusters that were upregulated in persistent strains were the pdu, cob-cbi, and eut gene clusters. The regulator pocR controls the expression of the pdu and cob-cbi operons in many genomes (1, 7) . These pathways are involved in metabolism of ethanolamine and 1,2-propanediol, and only three pathogenic species, L. monocytogenes, Salmonella enterica, and Clostridium perfringens, are known to be able to use them as a sole carbon source (27) . Srikumar and Fuchs (27) suggest that these pathways may confer an advantage on Salmonella enterica serovar Typhimurium in proliferation in its life cycle environments, not just inside its host, but also in environments external to the host. These metabolic pathways may have implications for persistent L. monocytogenes strains. Ethanolamine can be utilized as the sole carbon, nitrogen, and energy source by some bacteria (reviewed in reference 14). As a result of the expression of these pathways, persistent L. monocytogenes may possess a competitive advantage over other microflora present. Expression of these operons is also associated with intracellular pathogens; for example, Salmonella replication in macrophages requires pdu (19) . The upregulation of these genes by persistent isolates may indicate that internalization represents part of the life cycle of persistent strains utilized as a means of increased disinfectant resistance. Another consequence of the expression of these three gene operons may be the virulence capacity of persistent strains. As previously stated, expression has been linked to internalization of bacteria in hosts. A persistent strain, as described in this study, would pose increased risk of recontamination of a final product. This could increase the risk of human infection with an invasive virulent strain, potentially leading to cases of sporadic infection or outbreaks.
A recent review (4) of L. monocytogenes persistence in foodprocessing facilities proposed that persistence was a consequence of harborage sites, rather than a result of properties possessed by a persistent strain itself. If a site colonized by L. monocytogenes is subject to a reduced sanitizing process due to limited access of cleaning agents to the site, the result may be persistence of the organism at that site. The results of this study, however, indicate that strains that frequently contaminate processing facilities may have properties not shared by other, nonpersistent strains. The persistence of L. monocytogenes strains may not be simply the result of a single mechanism. There may be different mechanisms possessed by persistent strains that enable them to persist at a processing facility. While harborage sites may indeed be responsible for some instances of persistence of L. monocytogenes, we postulate that other mechanisms may also lead to persistence of certain strains at a facility and that to fully understand why a certain strain persists at a particular facility, it is necessary to study each case based on its own characteristics.
